INTRODUCTION
DNA helicases are ubiquitous, motor proteins involved in many aspects of DNA processing such as replication, recombination and repair. Many enzymes are identified as helicases on the basis 2 
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of conserved sequence motifs but are involved in more diverse processes such as Holliday junction progression and the processing of stalled replication forks 1, 2 . Furthermore, proteins with these motifs may be DNA translocases rather than have helicase activity 3 . An important feature of helicases is that they couple the energy of nucleoside triphosphate, generally ATP, hydrolysis to their translocation and/or strand separation activity.
PcrA helicase is an essential protein of gram-positive bacteria, where it has a role in DNA repair and rolling-circle replication of some plasmids. In the latter case, PcrA catalyzes the plasmid DNA unwinding 4 . Its helicase activity and processivity are greatly increased by the plasmid unwinding initiation factor, RepD 5 . On its own PcrA is a poor helicase with difficulty separating short lengths of duplex 5, 6 . The helicase activity can be enhanced by having several PcrA molecules bound to the DNA whereby the dissociation of the first PcrA will allow the second to move in to its place 6, 7 . In this way, the train of PcrA molecules can unwind a stretch of duplex DNA, in a way
proposed for other helicases 8, 9 . PcrA is a member of helicase superfamily I and is closely related to
Rep, UvrD, and RecB, well-studied helicases from gram-negative bacteria. Structural and biochemical analysis of Bacillus stearothermophilus PcrA support an "inchworm" mechanism to translocate DNA and separate the complementary strands in a 3′-to 5′-direction [10] [11] [12] [13] [14] . More recently, high resolution structures of UvrD in different nucleotide states have added to our understanding of structural transitions for these related helicases 15 . The PcrA core subdomains, 1A and 2A, bind comparison is made with the unmodified nucleotide, although not all steps can be readily studied in 3 
that case. The study shows that the ATP cleavage step is rate-limiting during ssDNA translocation.
DNA stimulates ATPase activity by over 100-fold, largely through direct activation of the cleavage step. Data suggest that ADP is released in multiple steps, following rapid phosphate release. This in turn implies conformational changes within the cycle that may be related to the two states seen in the crystal structures 10, 13 . Measurements were also done with the plasmid replication initiator protein, RepD, present to determine whether the ATPase cycle is modulated significantly, if PcrA is interacting with that protein. Given the high homology among helicases, the analysis of the PcrA
ATPase cycle provides a foundation for further helicase studies.

RESULTS
In order to understand how the ATPase cycle relates to the function and movement of PcrA, it is important to measure individual, elementary steps. We start by reporting data for PcrA on ssDNA, considered by using the simplest possible scheme that does not contain any extra steps for conformational changes, translocation, etc. (Figure 1a ). This Scheme also does not include initial PcrA binding to DNA, which was addressed previously 18 . , was used to measure steady-state ATP hydrolysis. This produced a sensitive assay that could be used with low concentrations of ATP and low extents of reaction, to circumvent some of the problems of alternative, coupled enzyme assays.
Addition of multiple assay components in such coupled assays may make it difficult to ensure that the reaction of interest is not affected by the additions and that the rate observed is solely that of the ATPase. In any case, an inherent limitation of steady-state measurements is that the calculated rate constants are dependent on the percentage activity of the enzyme. In this case, PcrA activity may vary from batch to batch. However, steady-state assays are useful to assess the relative activity and affinity of various ATP and ADP analogues. In the absence of ssDNA, the ATPase activity is low:
ssDNA activation of ATPase activity results in 50-to 100-fold increase in k cat (Table 1a) . This value of K m differs from that previously reported 11 , possibly because the previous assay used a coupled enzyme assay with less sensitivity and more prone to interference from reagents. Those factors can lead to difficulties getting the couple enzyme reactions fast. The fluorescent nucleotide analogue, mantATP gave similar values: K m is 2.6 μM and k cat is 17.2 s −1 .
This assay was also used to assess the affinity of other nucleotides as inhibitors (Table 1b) .
ADP binds very weakly and is hydrolyzed albeit very slowly. In contrast, mantADP has a far greater affinity. The ATP analogues, AMPPNP and mantAMPPNP, bind weakly. In contrast, two other analogues, ATPγS and mantATPγS, bind tightly and are used here to mimic ATP binding.
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MantATPγS is hydrolyzed at <0.01 s −1 under conditions as in (Table 1) , and so is essentially nonhydrolyzable on the time scale of measurements described here.
The measurement of ATPase rate as a function of oligonucleotide concentration (Table 1c) gave values of K m for the DNA. This varied from 395 nM for dT 10 to 56 nM for dT 50 , consistent with the affinity being proportional with binding sites for PcrA, being randomly available along the oligonucleotides 18 . In addition, the k cat increased with DNA length, from 5.4 s −1 for dT 10 to 24 s −1 for dT 50 , suggesting that, for these conditions, the length of DNA translocated between slow rebinding events is an important factor in determining the steady-state rate.
Assessment of mantATP as a substrate for PcrA. This fluorescent nucleotide was used as it is apparently a good substrate and provides a fairly self-consistent and complete set of rate constants. This complete set is not possible with ATP itself, using current techniques, as some steps in the ATPase cycle give no signal. Furthermore, the high affinity of mantADP for PcrA allows the ready formation of a mantADP complex. Mant ribonucleotides exist as an approximately 1:2 equilibrium of 2′-and 3′-isomers 20 , which may have different ATPase kinetics. To assess this possibility, some measurements (phosphate transients, triphosphate binding and steady-state ATPase rates) were also carried out with the 3′-mant-2´-deoxyATP (data not shown), which gave the same kinetics as the mixed isomer. Diphosphate dissociation kinetics were somewhat different with the single isomer and these will be described.
The above kinetic data suggest that, apart from the higher affinity of mantADP, mantATP is a reasonable ATP mimic, but in order to confirm this, a functional assay was used. In the presence of the replication initiator protein, RepD, PcrA unwinds plasmids containing the DSO, oriD 5 . The unwinding and corresponding ATPase kinetics were measured with fluorescent oligonucleotides (Figure 3a) , which mimic part of oriD (ICRII), which is the site that RepD nicks and becomes covalently attached, so facilitating PcrA loading 21 . These assays were done with the DNA labeled with Cy3:Dabcyl fluorophore and quencher pair, positioned to give a fluorescence signal when the DNA is unwound, as described previously 16, 22 and shown in Figure 3a . , respectively ( Supplementary Fig. 1 ). The slower rates with mantATP may reflect some inhibition by mantADP. These results are consistent with the structural and kinetic evidence, whereby one ATP is required for every base unwound 10, 16, 17 , and indicate no significant mechanistic difference between the catalysis of the two nucleotides.
Adenosine nucleotide binding to the PcrA⋅dT 20 complex. Because of the high hydrolysis rate of mantATP in the presence of ssDNA, binding to PcrA was isolated from hydrolysis by mantATP analogue that was only very slowly hydrolyzed with DNA. As shown above, mantATPγS is a better A C C E P T E D M A N U S C R I P T
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ATP analogue than mantAMPPNP in terms of affinity for PcrA (Table 1b ). Figure 4 ) is a sum of rate constants controlling breakdown of the bound mantATP, which include both its dissociation and hydrolysis leading to dissociation as the diphosphate. These data suggest that the sulfur substitution in ATP makes a large change in the parameters controlling binding: for example, mantATP may have qualitatively similar binding mechanism to mantATPγS, but the second step is so fast as to be experimentally inaccessible.
Experiments with an excess of PcrA⋅dT 20 over mantATP were also carried out (Figure 5a ), which allow a direct comparison with the single turnover experiments measuring hydrolysis and P i release, described below. As with the traces using excess nucleotide, there was an initial increase in fluorescence, with a linear relationship between the observed rate and PcrA⋅dT 20 concentration giving a second order rate constant of 9.6 μM -1 s -1 for binding. As described above, interpretation of the ordinate intercept is likely to be complex. Unlike the previous measurements, the initial increase in fluorescence is followed by a smaller (~30%), slow decrease with a rate of 10 s In order to aid interpretation, anisotropy measurements were also recorded under these conditions ( Supplementary Fig. 2a ). Anisotropy reflects the rotational correlation time of the
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fluorophore and that, in turn, may reflect the molecular mass to some extent. Thus, it would be expected that the main increase in anisotropy would be on binding of mant nucleotides to the protein. The fact that the second phase of anisotropy is only a small decrease is consistent with this phase representing a process following mantATP binding, but before mantADP release, which would return anisotropy to the initial value. Alternatively, the second phase could represent a small equilibrium level of mantADP release, albeit less than that expected from the value of K i for mantADP (9.5 μM, Table 1b ) and the concentration of PcrA in this experiment (8 μM) . This is addressed further in the modeling, described later.
Hydrolysis step and phosphate release. Quenched-flow measurements allow the formation of ADP to be monitored with high time resolution. In practice, mantATP was used as substrate to allow the use of fluorescence detection and also to conform to other measurements using this The kinetics of P i release were measured using the phosphate biosensor, MDCC-PBP, under similar conditions. Fitting the trace gave rate constants of 90 s -1 for the lag and 18 s -1 for the fluorescence rise. This trace has a similar time course to the mantADP formation from the quenched-flow measurement, suggesting that P i is released rapidly following hydrolysis, i.e. step 3 is fast compared with step 2 in the reaction scheme of Figure 1a .
MantADP binding. , was observed, followed by a slower phase with a rate of 40 s -1 ( Figure 7 ). Modeling, described in Figure 6 , suggests that a two-step mechanism with these rate constants is consistent with the intercept (140 s −1 ) in the association kinetics concentration 8 
dependence, described above. Measurements with 3′-mant-2′-deoxyADP gave somewhat different kinetics: 100 s −1 and 10 s −1 , suggesting that diphosphate release may be the one process, in which the mant isomers differ.
Oxygen exchange measurements. In order to get information about the reverse of cleavage (step 2 Figure 1a ), exchange measurements were done using oxygen-18 labeling. Intermediate exchange can occur between terminal oxygens of the nucleotide and water during hydrolysis.
Medium exchange can occur between ( 18 O 4 )P i and water, when the ATPase is incubated with ADP (or mantADP). The rationale for these exchanges and the analysis of P i on a mass spectrometer have been described 23, 24 . In this case, no exchange was observed for either type of experiment, so no measurable reversal of the cleavage step occurs. Within the error of the measurement, this means that k +3 /k -2 >90. This supports the idea that the cleavage step is essentially irreversible, and followed by rapid P i release. ) and K d for mantADP is 6.5 μM. The rate constants for steps in the ATPase cycle with ssDNA are summarized in Table 2 . This suggests a tighter binding than previous measurements but is consistent with an equilibrium of bound and free mantADP at this PcrA concentration. The single turnover experiments were also carried out at 6 μM and 4 μM PcrA⋅dT 20 using 2 μM mantATP and the parameters for the model fit well to these traces, including accounting for the size of the decrease in the mantATP fluorescence traces ( Supplementary Fig. 2b ).
The corresponding ATPase measurement 17 with mantATP under these conditions, gave a rate of 19 s -1 during the translocation phase, which is the very similar to the hydrolysis rate constant obtained in the single-turnover measurements.
Measurements in the absence of DNA. As already mentioned, the presence of ssDNA leads to a 100-fold increase in ATPase activity in a steady-state assay. To investigate what steps in the ATPase cycle are affected, measurements were carried out in the absence of DNA substrate.
Association measurements with excess mantATPγS gave qualitatively similar results to those with ssDNA: there is a hyperbolic relationship (data not shown) with best fit 1/K 1a is 4.4 μM, k -1b 13 s , similar to that with ssDNA, but the second phase is absent ( Figure 7 ). All oxygen exchange experiments, carried out in the absence of DNA, showed no exchange, so that the cleavage step is irreversible (k +3 /k -2 >90), assuming free rotation of the P i in the catalytic site.
The rate constants obtained in the absence of DNA are summarized in Table 2 .
Measurements in the presence of RepD. In order for PcrA to act as a processive helicase, other protein factors are required, such as the plasmid replication initiator, RepD. To investigate whether interaction with RepD affects ATPase cycle kinetics, measurements were made using a Yshaped DNA junction (Figure 3b ) to which both proteins can bind to form an initiation complex that can then separate the dsDNA region 16 . This junction contains the ICRIII sequence in a doublestrand for tight binding of RepD, part of ICRII on one single-strand arm for nicking and covalent attachment of RepD, and a short single-strand arm (6 nucleotides) for PcrA to bind. This short ssDNA arm was used to ensure that only one PcrA molecule binds per junction. Before measurements were taken, RepD was incubated with the DNA junction to allow nicking to occur.
PcrA will then bind to the junction and unwind the duplex DNA in the presence of mantATP.
Measurements were done at 30 °C in a buffer containing 50 mM Tris⋅HCl pH 7.5, 200 mM KCl, 10 mM MgCl 2 ,1 mM EDTA and 10 % ethanediol to provide a direct comparison with previous work on unwinding of PcrA and RepD, particularly using similar oligonucleotide models 16 .
Fluorescence anisotropy was used to measure binding of PcrA to the adduct of RepD and the Y-shaped DNA junction (Figure 3c ), containing a fluorescein at the end of the ICRIII duplex, as previously described 16 . The K d is 72 nM, but increased to 140 nM in the absence of RepD. In either case, these data suggest that the complex between PcrA and DNA is formed quantitatively under the conditions of experiments described below.
The single turnover measurements (excess protein over nucleotide) were carried out, Table 3 and the modeled traces are in Supplementary Fig. 4 .
The hydrolysis step has a rate constant of 24 s 
measured (data not shown). These rate constants are slightly higher than mantATP binding to PcrA alone but the K d remains 5 μM.
In order to determine a second order binding rate constant for ATP with PcrA⋅dT 20 , a competition experiment was carried out between mantATP and ATP ( Figure 9 ) 25 . Pseudo-first-order conditions were used as above but mantATP was fixed at 5 μM as the ATP concentration varied.
The slope of the plot of the observed rate constant against ATP concentration gives the rate constant for association of ATP to be 8 μM
, similar to mantATP. A dissociation rate constant cannot be accurately determined from intercepts for this type of measurement, as this intercept includes the rate constant of mantATP binding, introducing a large error.
The single-turnover, P i -release measurement was also carried out with ATP ( Supplementary   Fig. 6 ). The ATPase model for the single turnover measurements was applied to fit the data. From this, a hydrolysis rate constant of 36 s -1 was obtained. The ATPase rate during ssDNA translocation was measured, as described previously 17 , giving a rate of 46 s -1 (data not shown). The difference between ATPase rate and the P i release rate may be due to incomplete PcrA⋅dT 20 ⋅ATP complex formation for these single-turnover conditions, because of the somewhat lower affinity of ATP compared to mantATP.
Oxygen exchange experiments with ATP/ADP also showed no exchange, putting the limits of
. ADP has a very weak affinity for PcrA: K i is >400 μM from steady state ATPase activity measurements (Table 1) : ADP binding or dissociation kinetics were not measured.
DISCUSSION
The main sets of rate constants coming out of this work are summarized in Table 2 and Table   3 . In order to relate the ATPase cycle to previous biochemical data on PcrA, particularly with ssDNA, and with RepD, this resulted in two sets of conditions. For reasons explained earlier, mantATP was the main nucleotide used to obtain self-consistent sets of rate constants. In most ways, mantATP is an excellent analogue of ATP. Most rate constants measured, and translocation rates are similar for the two nucleotides. The only large change is at the diphosphate interaction:
mantADP binds much tighter than ADP. This phenomenon of a large change with diphosphate release has been reported for other ATPases with mantADP and other ribose-modified nucleotides [26] [27] [28] . It seems likely that in such cases, the mant group may interact with the protein surface in the diphosphate case. Surprisingly with PcrA, this does not produce a fluorescence intensity much different from the bound triphosphate.
The single turnover measurements of mant fluorescence, mantADP formation and P i measurement, shown in Figure 5 , Figure 8 and Supplementary Fig. 2 provide a ready visual comparison of the ATP kinetics and these were the main focus of comparing complexes of PcrA under different conditions, such as the type of DNA.
The most detailed measurements were done with PcrA bound to ssDNA and so we will first examine the ATPase cycle in that complex. MantATP binding has similar second order binding rate constant to that found with a variety of other ATPases, but well below what might be expected for diffusion control. MantATPγS shows a hyperbolic dependence of rate on concentration, suggesting two-step binding, normally considered as formation of a collision complex, followed by some rearrangement/conformation change to produce the "productive complex", although in the case of this analogue, the cleavage step is severely disrupted. It is possible that the same transition occurs with mantATP, but not seen experimentally because of its high rate of cleavage. (Figure 7) . A similar phase is observed when
PcrA is bound to ssDNA or to the DNA junction, but in addition there is a slower phase, suggesting there may be a two step process for diphosphate release, as shown in Figure 1c . If it were the case that both rate constants are on the ATPase pathway, k +4a is 215 s contamination by DNA producing this slow ATP cleavage. This is consistent with structural information relating to conformation changes in the ATP binding site 10, 13 , such as movement of an arginine (R287) to near the γ-phosphate and movement of K37 out of the Mg site on binding DNA.
RepD has a dramatic effect on increasing the processivity of PcrA with dsDNA (Figure 3c) , by an order of magnitude 16 . Finally, the kinetics of the ATPase cycle are consistent with the unwinding rate observed with mantATP for these conditions
The results here suggest that RepD interaction has little effect on the ATPase cycle and that it is likely to have its effect on processivity by increasing PcrA affinity for the RepD-DNA junction where it acts. Presumably that needs to be associated with a large decrease in the dissociation rate of PcrA while translocation is occurring.
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The ATPase kinetics have been investigated in detail for rather few helicases, given the wide variation in this family. The nucleotide binding and hydrolysis kinetics were measured for both monomer and dimer of a superfamily 1 helicase, Rep [30] [31] [32] . Despite the structural similarities with
PcrA, the ATPase mechanism shows marked differences. In the active dimer, binding occurs in two steps and a rate-limiting isomerization step precedes product release. The ATPase mechanism in this instance is complicated due to the two ATPase sites of the dimeric Rep and communication between the two sites. The ATPase mechanism of a superfamily 2, DEAD-box RNA helicase, DbpA, has also been elucidated 33 . This helicase is likely to have a two-step ADP release and the slowest steps are cleavage and P i release, with significant reversibility in the cleavage step. In each case, the ATPase activity is greatly enhanced by DNA or RNA substrates, depending on the type of helicase. The differences in mechanisms highlight the diversity amongst helicases, both within and between superfamilies. However, with so few cases elucidated, it would be difficult to generalize any relationship between classes of helicase and mechanism. Indeed, factors such as processivity and translocation rate, required for particular physiological roles, may also be significant in determining what ATPase mechanism may be appropriate.
In summary, the elucidation of the ATPase cycle has shown a remarkably simple mechanism with a rate-limiting and essentially irreversible cleavage step, greatly accelerated by bound DNA and presumably corresponding to the major transition between structural states 34 . This would fit in with the idea that the translocation is essentially unidirectional. There is tentative evidence for twostep diphosphate release, but generally this helicase exemplifies a very different ATPase mechanism from myosins and their activation by actin [35] [36] [37] . Thus the two major states present during translocation are the triphosphate and diphosphate states: the ADP⋅P i state has an extremely low population. With PcrA, there is no need for the ATPase kinetics to be tuned to enable dissociation of helicase from DNA each cycle, followed by finding the next target on its track: that is necessary for motors such as myosins with actin track. The "hand-over-hand" mechanism 12 ensures that the next bit of the track is always on hand! While RepD helps maintain PcrA at the junction, the strands are pulled apart through relatively simple conformation changes presumably more-or-less coinciding with steps on the hydrolysis pathway. Currently, there is little evidence that RepD binds directly to PcrA, but such interaction could be via the IIB sub-domain of the latter, well away from the ATP site, but close to the region affected by dsDNA binding. M A N U S C R I P T
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MATERIALS AND METHODS
Materials.
PcrA from B. stearothermophilus was expressed and purified as described previously 16, 38 . Coumarin-labeled phosphate protein (MDCC-PBP) was prepared as described 19 .
RepD from Staphylococcus aureus was prepared as described previously 16, 21 . ( . Double mixing experiments were carried using the same stopped-flow system, allowing rapid mixing of two solutions, followed by specific age times prior to mixing with a third solution, which triggers data acquisition.
In experiments described, the quoted concentrations are those in the mixing chamber except where stated. Data were fitted to theoretical curves using the HiTech software or Grafit 42 . Typically, the data shown are the average of three individual traces.
Steady-state fluorescence was measured using a Cary Eclipse fluorometer with a xenon light source. Absorbance spectroscopy was carried out using a Beckman DU640 spectrophotometer.
Fluorescence anisotropy titrations were performed at 30 °C using an ISS PC1 photon counting spectrofluorometer with a Xenon arc lamp. Anisotropy was calculated using the equations as described 43 . Observed anisotropy data were fitted to obtain dissociation constants using GraFit fitting software 42 .
Kinetic measurements. All reactions with PcrA and ssDNA were done at 20 °C in a buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl and 3 mM MgCl 2 . The ssDNA was dT 20 except where indicated.
Measurements of dsDNA unwinding in the presence of RepD were done at 30 °C in a buffer containing 50 mM Tris.HCl (pH 7.5), 200 mM KCl, 10 mM MgCl 2 , 1 mM EDTA and 10 % ethanediol as described 16 . Controls measurements of the ATPase activity using dT 20 were carried out in order to assess the effect of changing to this buffer. The single turnover measurements with ssDNA at 20 °C in this buffer show a 50 % reduction in ATPase activity relative to 50 mM
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Tris⋅HCl pH 7.5, 150 mM NaCl and 3 mM MgCl 2 . In order to determine the effect of changing conditions (DNA structure, buffer and temperature), parallel measurements were carried out in the absence of RepD. However, it should be noted that when RepD is not bound to one arm of the junction, presumable PcrA can bind to either arm. Steps are numbered, such that step n has forward and reverse rate constants respectively and equilibrium constant, K n (, k +n /k -n ) (b) Two-step binding scheme for mantATPγS.
Steady
(c) Two-step dissociation scheme for diphosphate release. 
TABLES
